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I n e  purpose o f  t h i s  p r o j e c t  i s  t o  fo rmula t e  and perform a s e r i e s  
o f  experiments  which w i l l  h e l p  t o  e s t a b l i s h  t h e  mechanism of t h e  phozo- 
v o l t a i c  e f f e c t  i n  n e t e r o j u n c t i o n s  c o n s i s t i n g  of a L I - V I  compound and a 
m e t a l l i c  o r  q u a s i - m e t a l l i c  b a r r i e r  l a y e r .  i n  p a r t i c u l a r ,  a t t e n t i o n  i s  
focused on t h e  mechanism of the  C6S:Cu c e l l  which i s  now being f a b r i c a t e d  
commercially and which has p o t e n t i a l  advantages over cht: s i l i c o n  photo-  
c e l l s  now i n  use i n  s p a c e c r a f c ,  
Whereas t h e  commercial CdS c e l l s  u t i l i z e  t h i n ,  p o l y c r y s t a l l i n e  
l a y e r s  o f  CdS, t h i s  r e s e a r c h  i s  concerned p r i m a r i l y  wi th  s i n g i e  c r y s t a l  
m a t e r i a l ,  Et i s  g e n e r a l l y  found t h a t  t h e  t h i n  f i l m  c e l l s  have s u p e r i o r  
performance i n  terms of power o u t p u t ,  b u t  f o r  t h e  purposes  o f  a fundamental 
s t u d y  it  i s  a t  l e a s t  i n i t i a l l y  d e s i r a b l e  t o  e l i m i n a t e  t h e  compl i ca t ing  
e f f e c t s  of c r y s t a l  boundaries .  
I n v e s t i g a t o r s  a t  C l e v i t e  Corporat ion have r e c e n t l y  s e t  f o r t h  
a proposed mechanism f o r  t h e  op2rar ion of t h e  Cd3:Cu c e l l ,  r h i s  
model i s  n o t  d i scussed  i n  t h e  p r e s e n t  r e p o r t ,  b u t  i t  i s  expected t h a t  
t h e  t echn iques  d e s c r i b e d  her2  w i l l  l e a d  to r e s u l t s  oE g e n e r a l  s i g n i f i c a n c e  
w i t h  r ega rd  to t h e  v a l i d i t y  of t h i s  o r  any o t h e r  model i n  rhe  f u t u r e ,  
I h i s  r e p o r t  summarizes t h e  m a t e r i a l s  u sed ,  t h e  measurem2nts made, and 
some of rhe  more i n t e r e s t i n g  r e s u l r s  o b t a i n z d  on t h e  program t h u s  f a r ,  
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MATERIALS 
I h e  fo l lowing  i s  a l i s t i n g  of t h e  m a t e r i a l s  used 110 d a t e "  
CdS ~ ( a )  C l e v i t e  s i n g l e  c r y s c a l ,  o r i enced  wi tn  c - a x i s  
pe rpend icu la r  t o  t h e  p l a t e ,  low r e s i s t i v i t y  
(1-10 ohm-cm,). 
( b )  Clevite sing12 c r y s t a l ,  u n o r i e n t e d ,  i n t e r m e d i a t e  
4 r e s i s t i v i t y  (10 ohm-cm.). 
CdSe - C l e v i t e  s i n g l e  c r y s r a l ,  o r i e n t e d  wi th  c - a x i s  
pe rpend icu la r  t o  che  p l a c e ,  low r e s i s t i v i t y  
(1- 10 ohm- cm. ) 
ZnS - Harshaw s i n g l e  c r y s t a l ,  o r i enced  w i t h  c - a x i s  i n  
p l ane  of p l a t e ,  annea led  i n  Zn a t  S t a n f o r d  
(>lo ohm-cm) a 
CucR - Faker and Adamson r cagen t  grade (98%) 
CuzS - K & K L a b o r a t o r i e s ,  95-992. 
r t 
PREPARATION OF PHOTOVOLTAIC CELLS 
The fo l lowing  techniques  and p rocesses  have been used t o  
produce p h o t o v o l t a i c  c e l l s  from t h e  s i n g l e  c r y s t a l  1 I - V I  compounds, 
(1) Chemical Dipping 
( a )  CuCe s o l u t i o n .  S a t u r a t e d  s o l u t i o n  of reagent -grade  CuU, 
i n  H 0 ( d i s t i l l e d ) ,  hea t ed  i n  a i r  i n  sha l low d i s h  on h o t p l a t e .  C r y s t a l  
mounted on g l a s s  s l i d e  wi th  black wax, exposing only  t h e  s u r f a c e  t o  be 
dipped.  S l i d e  immersed i n  ho t  s o l u t i o n  (90°C) f o r  p r e s c r i b e d  t ime,  then 
r i n s e d  and d r i e d .  
2 
( b )  Cu2S s o l u t i o n .  S o l i d  Cu S d i s s o l v e d  i n  NH OH t o  form a 2 4 
b r i l l i a n t  b lue  s o l u t i o n .  Same d ipp ing  recnnique  a s  above, 
Note:  A l l  chemical d ipp ing  during t h i s  r e p o r t  p e r i o d  has  been done i n  
a i r  a 
( 2 )  P l a t i n g  
I h i n  l a y e r s  of  copper me ta l  were p l a t e d  on LO CdS crystals 
u s i n g  a s t anda rd  cyanide b a t h ,  Compositions o f  t h e  p l a t i n g  s o l u t i o n  
p e r  100 cc  water was 2.2g CuCN, 2 , 6  g NaCN and 0 .74  g NaC03. 
was 0.994 copper s h e e t .  P l a t i n g  c u r r e n t  d e n s i t y  was approximately 
1 ma/cm 
( 3 )  Heat Treatment of_Photovol ta ic  Cs- 
The anode 
2 
The t echn ique  most f r e q u e n t l y  used has  been t o  h e a t  t r e a t  t h e  
d iodes  f o r  10 minutes  i n  a i r  a t  2 5 O o C .  The d iode  i s  p laced  i n  an 
open-ended q u a r t z  tube  which i s  i n s e r t e d  i n t o  a sma l l  t u b e  f u r n a c e -  
( 4 )  Sur face  P r e p a r a t i o n s  
Ihe  follovJ.ing su r face  t r e a t m e n t s  have been used i n  p repa r ing  
t h e  II-vL c r y s t a l s  for  t h e  formarion of  t h e  b a r r i e r  l a y e r ,  
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(a )  C r y s t a l  s u r f a c e  a s  r e c e i v e d .  
(b)  Erched i n  concent ra ted  H a ,  
( c )  Abraded wi th  f i n e  emery paper .  
(a) Pol i shed  wi th  1 micron alumina on s i l k .  
( e )  Ground wi th  5 micron alumina on g l a s s  p l a t e  (produced 
" f ros t ed"  su r face  which approximates  t h e  a s - r ece ived  
s u r f a c e s  of the o r i e n t e d  Clevite CdS and CdSe c r y s t a l s ) .  
( f )  Cleaved,  
( 5 )  O h m i c  Contac ts  --- 
Two a d j a c e n t  indium d o t s ,  each about  0.5 mm i n  d iameter  and 
s e p a r a t e d  by about  1 mm,are evaporated on bo th  t h e  Cu s i d e  and t h e  
1 I - V 1  s i d e  n e a r  one end of  t h e  c r y s t a l .  T h e  c o n t a c t s  a r e  checked 
e l e c t r i c a l l y  by measuring t n e  V - 1  c h a r a c t e r i s i z i c  between t h e  p a i r s  of  
d o t s ,  on each s i d e  of  t h e  c r y s t a l .  L i g h t  ecching  i n  HCe was found t o  
promote good Ohmic c o n t a c t  EO t he  I L - V I  s i d e ,  F ine  copper wires  a r e  
a t t a c h e d  t o  t h e  indium d o t s  by means of  conduct ing s i l v e r  p a s t e .  
MEASUREMENTS 
(1) S p e c t r a l  Response 
The s p e c t r a l  response of  t h e  photodiodes was measured u s i n g  a 
Bausch and Lomb Gra t ing  Monochromator (Model 45-01)  wi th  a tungs t en  
l i g h t  s o u r c e ,  A small  o p t i c a l  bench was mounted r i g i d l y  t o t h e  f r o n t  end 
o f  t h e  monochromator t o  a l low a c c u r a t e  and r e p r o d u c i b l e  p o s i t i o n i n g  of 
t h e  specimens.  A smal l  l e n s  mounted i n  f r o n t  o f  t h e  c r y s t a l  specimen 
s e r v e s  t o  focus  t h e  o u t p u t  beam from t h e  monochromator, and a movable 
mask i n  f r o n t  o f  t h e  c r y s t a l  was used t o  l i m i t  t h e  a r e a  of i l l u m i n a t i o n  
and t o  s h i e l d  t h e  contaccs  from t h e  l i g h t .  For measurements i nvo lv ing  
- 4 -  
a second "bias" illumination, a PEK Lab high-pressure xenon source was 
used. The beam from the xenon source passes through a beam splitter and 
thus illuminates the crystal at normai incidence, as does the beam from 
the monochromator. The configuration is shown schematically in Fig. 1. 
The wavelength of the b i a s  illumination is varied by means of interference 
filters. The spectral region scanned is from 0.4 t o  1.4 microns. The 
output of the photodiode is recorded on a Keizhley 149 Milli-microvoltmeter 
as the open-circuit photovoltage, or short-circuit phorocurrent by 
measuring the voltage across a small precision resistor in series with 
the diode. Measurement of the short circuit phorocurrent is preferred 
in order t o  avoid sawration effects. 
(2)  V - I  Characteristics 
The voltage-current characteristics of the photodiodes, in the 
dark and also under various condirions of illumination, are recorded 
on Polaroid film with a Iektronix Type 575 Transistor Curve Plotrer. 
The curves can be conveniently measured with the sample mounted in 
place for spectral response measurements. 
( 3 )  Power Output 
The power output of the photodiodes is measured by recording 
the self-generated voltage-current characteristic by means of the 
circuit shown in Fig. 2,, Again, the crystal is mounted in position for 
spectral response measurements, as in Fig, 1. The "zero" or  mirror 
position of the monochromator is used to obtain the full output of the 
tungsten source, with neutral density filters to vary tne integrated 
int ens i ty 
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( 4 )  Capaci tance  
Ea r ly  a t t empt s  were made t o  measure t h e  vol tage-dependent  
c a p a c i t a n c e  of t h e  photodiodes u s i n g  a General  Radio 1608-A Impedance 
Br idge  and an RLC b i a s i n g  network. These measurements were unsuccess fu l  
because o f  t h e  poor r e s o l u t i o n  of t h e  br idge  and t h e  broad n u l l s  due 
t o  t h e  smal l  p a r a l l e l  r e s i s t a n c e  (low Q) o f  t h e  specimens.  The re fo re ,  
a Boonton Model 75D capac i tance  b r idge  was purchased.  T h i s  b r i d g e  has  
a b u i l t - i n  b i a s i n g  network which can be used wi th  e i t h e r  t h e  i n t e r n a l  
or an e x t e r n a l  DC power supply.  Another impor tan t  f e a t u r e  i s  a d e t e c t o r  
which can be made i n s e n s i t i v e  to changes i n  phase a n g l e ,  t h u s  p e r m i t t i n g  
r a p i d  and p r e c i s e  ba lanc ing  of t h e  b r i d g e  by means o f  t h e  capac i t ance  
ad jus tment  a lone .  I h e  three-cermina l  n a t u r e  of  t h e  capac i t ance  measure- 
ment a l lows  t h e  specimen t o  be some d i s t a n c e  away from t h e  b r i d g e ,  s i n c e  
t h e  capac i t ance  o f  t h e  lead wires  i s  a u t o m a t i c a l l y  s u b t r a c t e d  o u t ,  
The re fo re  t h e  d iode  can be mounted on t h e  monochromator,and capac i t ance -  
v o l t a g e  curves  i n  t h e  presence o f  i l l u m i n a t i o n  can be measured, The 
t e s r  frequency o f  t h e  b r i d g e  i s  1 MHz, which i s  s u f f i c i e n t l y  h igh  so 
t h a t  spu r ious  e f f e c t s  due t o  t r app ing  a r e  a b s e n t .  An e x t e r n a l  DC power 
s u p p l y ,  HP 711a, i s  used because of  i t s  good r e g u l a t i o n .  
(5)  X-Ray D i f f r a c t i o n  
I n  a d d i t i o n ,  t o  t h e  u s u a l  Debye-Scherrer cameras and d i f f r a c -  
t ome te r s  f o r  r o u t i n e  i d e n t i f i c a r i o n ,  a microfocus  X-ray source  i s  
a v a i l a b l e  f o r  d i s l o c a t i o n  topography by t h e  Lang or Bormann methods,  
The a p p l i c a t i o n  of topographic  s t u d i e s  t o  t h e  problem o f  c h a r a c t e r i z i n g  
t h e  j u n c t i o n  r eg ion  of t h e  photodiodes w i l l  be i n v e s t i g a t e d  
d u r i n g  t h e  nex t  r e p o r t  pe r iod .  During t h e  pe r iod  j u s t  completed,  on ly  
orientation and powder-pattern idenzification measurements have been made. 
(6) Electron Diffraction and Microscopy 
A Hitachi HU-11 electron microscope with a reflection diffrac- 
tion stage has been used to obtain diffraction patterns from dipped layers 
on single crystals of CdS, CdSe, and ZnS. During the next report period, 
work will be done to develop techniques f o r  studying the structure of the 
junction regions by transmission microscopy, 
(7)  Optical Transmission 
A Cary 14 double-beam spectrophotometer was used to measure 
optical transmission of dipped single crystals. 
RESULTS 
The experiments to date have been oriented toward the develop- 
ment of proper techniques for the measurements described above, and 
toward the acquisition of preliminary data to establish the magnitudes 
and ranges of variation of the measured quantities. Some data represenca- 
tive of the kinds of results obtained are presented in this section. 
Fig. 3 indicates the optical transmission of a typical CdS- 
Cu S cell. This cell was produced by dipping three minutes in a 95°C 
solution of CuCe in water. The band gap of Cu S is at 1.2 eV, and the 
transmiEtance falls gradually for shorter wavelengths. The slight 
structure at 1.5 eV. is probably a multiple reflection effect. 1.8 e V  
is the energy of the second indirect band gap in Cu S. 
2 
2 
(1) 
2 
Figs. 4-6  present data for a cell made by cleaving a conduct- 
ing (1-10 ohm-cm) CdS crystal on (11jO) and dipping for one minute in 
C u a .  The properties of the cell were measured as a function of time 
of heat treatment at 250°C in air. The cleaved crystal surface reacts 
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more s lowly with t h e  CuCX s o l u t i o n  than  do s u r f a c e s  prepared by t h e  o t h e r  
methods,  and t h e r e f o r e  only a very  t h i n  l a y e r  was formed by t h e  one- 
minute  d i p .  The c e l l  gave an o p e n - c i r c u i t  photovol tage  of over  O W L  
v o l t s  wi th  no hea t  t r ea tmen t .  The t a b l e  below g i v e s  t h e  e f f e c t  of 
time a t  250°C i n  a i r  on t h e  open-c i r cu i t  photovol tage  (V,,) i n  white  
l i g h t  and on t h e  capac i t ance  a t  1 MHz i n  t h e  da rk ,  with ze ro  a p p l i e d  
b i a s  
Time a t  250°C 
V (whi te )  oc  C (V=O) (dark)  
0 405 mv 360 pf 
2 470 380 
7 ( 2  + 5) 450 640 
1 7  ( 2  + 5 + 10) 450 670 
The sudden i n c r e a s e  i n  capac i t ance  a f t e r  7 minutes  may be 
a s s o c i a t e d  wi th  a change i n  the c o n t a c t s  on t h e  Cu S s i d e  du r ing  h e a t  
c rea tment .  However, i t  i s  evident  t h a t  t h e  capacicance does i n c r e a s e  
2 
w i th  i n c r e a s i n g  t ime of  h e a t  t r ea tmen t ,  c o n t r a r y  t o  what one would 
expec t  i f  t h e  e f f e c t  of h e a t  t rea tment  i s  env i s ioned  a s  sp read ing  o u t  
t h e  j u n c t i o n  reg ion .  
F ig ,  4 shows the  r e s u l t s  of  t h e  power measurements made a f t e r  
0 ,  2 ,  7 and 1 7  minutes  a t  25OOC. Using t h e  usua l  " f i l l  f a c t o r "  c r i t e r i o n  
of  maximum power o u t p u t ,  i r  i s  e v i d e n t  t h a t  t h e  power goes through a 
maximum a t  about 7 minutes .  From t h e  above t a b l e ,  and t h e  i n t e r c e p t s  
on t h e  v o l t a g e  a x i s  i n  F i g .  4 ,  i t  i s  seen  t h a t  t he  o p e n - c i r c u i t  photo- 
v o l t a g e  goes through a maximum, a l s o .  From Fig.  4 ,  one a l s o  s e e s  t h a t  
t h e  s h o r t - c i r c u i t  c u r r e n t  decreases  monotonica l ly  with t ime i n  a 
roughly exponen t i a l  f a sh ion .  
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Fig .  5 i s  t h e  V- ' I  c h a r a c t e r i s t i c  of  t h e  d iode  i n  t h e  d a r k ,  
a f t e r  t h e  t o t a l  1 7  minutes  a t  2 5 0 ° C .  The curve changed ve ry  l i t t l e  
du r ing  t h e  success ive  h e a t  t r ea tmen t s ,  which i n d i c a t e s  t h a t  t h e  U - I  
c h a r a c t e r i s t i c  i s  n o t  a s e n s i t i v e  i n d i c a t o r  of  c e l l  performance. 
F ig .  6 g i v e s  t h e  froncwall  s p e c t r a l  response  o f  t h e  same c e l l ,  
a l s o  a f t e r  t h e  t o t a l  1 7  minutes o f  h e a t  t r ea tmen t  a t  2 5 0 ° C .  The 
response  i n  t h e  presence  o f  a 9000 A "b ias"  l i g h t  sou rce  i s  a l s o  g iven ,  
t h e  s i g n a l  due t o  t h e  b i a s  i l l u m i n a t i o n  be ing  zeroed o u t .  The e f f e c t  
o f  t h e  b i a s  l i g h t  i s  r e l a t i v e l y  smal l  i n  t h i s  example. No e f f e c t  a t  a l l  
was observed u n t i l  a f t e r  7 minutes a t  2 5 0 ° C .  
The f r o n t w a l l  s p e c t r a l  response  o f  ano the r  conduct ing C d S  c e l l  
i s  g iven  i n  Fig.  7 .  I n  t h i s  ca se  a much l a r g e r  e f f e c t  o f  t h e  9000 A 
b i a s  l i g h t  i s  e v i d e n t ,  t h e  d i f f e r e n c e  be ing  a f a c t o r  o f  4 a t  5000 A s  
This  c e l l  was prepared  by gr inding  t h e  (0001) f a c e s  wi th  5 micron alumina 
on a g l a s s  p l a t e  ( " f r o s t i n g " ) ,  and d ipp ing  f o r  90 seconds i n  t h e  CuGL 
s o l u t i o n  a f t e r  l e a v i n g  t h e  c rysca l  exposed t o  t h e  atmosphere f o r  2 days.  
A 10 minute  h e a t  t r ea tmen t  a t  2 5 0 ° C  i n  a i r  was used.  
In  a d d i t i o n  to t h e  conduct ing  c r y s t a l s  of  C d S ,  i n t e r m e d i a t e  
4 r e s i s t i v i t y  c r y s t a l s  (about  10 ohm-cm) have a l s o  been used t o  p repa re  
ce l l s .  The much h igher  r e s i s t i v i t y  of  t h e s e  c r y s t a l s  r e s u l t s  i n  d iodes  
wi th  r e l a t i v e l y  v e r y  wide dep le t ion  r e g i o n s ,  of t he  o r d e r  o f  10 microns.  
A l s o , i t  has  been found t h a t  the s u r f a c e  t r ea tmen t s  b e f o r e  d ipp ing  have 
ve ry  l i t t l e  e f f e c t  on t h e  maximum o p e n - c i r c u i t  pho tovo l t age  subsequent ly  
o b t a i n e d ,  whereas t h e  photovol tage  of  t h e  conduct ive  C d S  c e l l s  i s  q u i t e  
s e n s i t i v e  t o  p r i o r  s u r f a c e  p repa ra t ion .  I n  Fig.  8 t h e  V-I c h a r a c t e r i s -  
t i c s  of  one of these  c e l l s  are  p re sen ted .  No t i ce  t h a t  t h e  l i g h t  has  
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v e r y  l i t t l e  e f f e c t  on t h e  forwazd c h a r a c t e r i s t i c ,  bu t  t h a t  t h e  r e v e r s e  
c h a r a c t e r i s t i c  shows a "kink" under i l l u m i n a t i o n .  This  e f f e c t  has  been 
observed i n  o t h e r  c e l l s  made from t h e  h i g h - r e s i s t i v i t y  CdS, under 5 0 t h  
f r o n t w a l l  and backwall i l l u m i n a t i o n .  No complete exp lana t ion  f o r  t h i s  
e f f e c t  has  been found t o  d a t e ,  bu t  i t  i s  thought  t o  be r e l a t e d  t o  
pho toconduc t iv i ty  p rocesses  i n  t h e  CdS which a r e  n o t  a s  prominent i n  t h e  
conduct ing m a t e r i a l s .  
s p e c t r a l  response  of  t h i s  c e l l .  The s i g n a l  produced by t h e  b i a s  l i g h t  
a l o n e  was 50 mv. The e f f e c t  of t h e  b i a s  l i g h t  i n  t h i s  ca se  was t o  dec rease  
t h e  photovol tage  over  t h e  e n t i r e  spectrum, wi th  a sha rp  drop t o  ze ro  a t  
5000 A ,  t h e  bandgap o f  CdS. T h i s  e f f e c t  must a l s o  be r e l a t e d  t o  phoco- 
c o n d u c t i v i t y  i n  t h e  CdS. 
F i g .  9 g ives  t h e  e f f e c t  o f  9000 A b i a s  on t h e  
F igs .  10-13 g i v e  some measured p r o p e r t i e s  o f  a c e l l  formed 
from t h e  conduct ive CdS by d ipping  an  a s - r ece ived  (0001) f a c e  i n  a h o t  
s o l u t i o n  of  Cu.S d i s s o l v e d  i n  NH40H. T h i s  s o l u t i o n  a l s o  produces a 2 
b l a c k  l a y e r ,  bu t  i t  r e a c t s  much more s lowly  wi th  t h e  CdS than  does t h e  
CuCe s o l u t i o n .  Th2 mot iva t ion  f o r  u s i n g  t h e  Cu S s o l u t i o n  was t o  
de te rmine  whether any n o t i c e a b l e  d i f f e r e n c e  occurred  which could be 
a t t r i b u t e d  t o  t h e  absence o f  the  halogen.  
2 
Fig .  10 shows t h e  forward c u r r e n t - v o l t a g e  curve ,  measured i n  
t h e  dark.  The bending-over  a t  h ighe r  v o l t a g e s  i s  found i n  many he te ro - ,  
j u n c t i o n  d iodes ,  and has  been i n t e r p r e t e d  a s  a t r a n s i t i o n  from d i f f u s i o n -  
l i m i t e d  t o  emis s ion - l imi t ed  c u r r e n t ,  and a l s o  a s  be ing  due t o  t u n n e l l i n g  
p rocesses  through t h e  narrow p o t e n t i a l  s p i k e  caused by t h e  sudden d i s -  
c o n t i n u i t y  i n  e l e c t r o n  a f f i n i t y  a t  t h e  i n t e r f a c e ,  
F ig .  11 g i v e s  t h e  s p e c t r a l  response  of  t h e  c e l l  f o r  bo th  f r o n t -  
- 10- 
wall and backwall configurations. The open-circuit photovoltage in 
white light from the monochromator with slits set at 2 mm, was only 39 mv 
(frontwall) and 11 ,5  mv (backwall). These values were far from the 
saturation value of Voc, because with a microscope illuminator focussed 
directly on the crystal, a photovoltage of about 300 mv was obtained 
(frontwall), Usually, the CuCe-dipped crystals have been found to be 
much closer to saturation when illuminated by white light from the 
monochromator. The form of the spectral response curve is considerably 
different from that of Fig. 6 ,  in that the plateau region from about 
5000-9000 A is missing. 
obtained with a high resistivity crystal of CdS dipped in the Cu S 
solution. It is not yet known whether these variations in spectral 
response represent a fundamental difference in the structure of the 
layers produced by the two different solutions. 
by diffraction studies, 
A similar form of spectral response curve was 
2 
This will be decided 
The capacitance-voltage curve in the dark is given in Fig, 12, 
The u s u a l  inverse-square relation between capacitance and applied 
voltage does not hold. The shape of this curve is very reproducible, 
although the magnitude varies several percent from day to day, Very 
noticeable transient effects in the capacitance, due to applied reverse 
bias and also to sudden changes in illumination, were observed Fig, 13 
illustrates the decrease in zero-bias capacitance with time after switch- 
ing off a souxce of white light at t = 0. Fig. 14 shows the increase 
in capacitance wich time when a reverse bias of 1 volt is suddenly applied, 
The data approximately fit a relation of the form 
-11- 
- t / T  c2 - C ( t )  
c2 - c1 
= e  
where C1 i s  t h e  capac i t ance  a t  t = 0 and C 
a long t ime. The d a t a  of  Fig.  14 were f i t t e d  t o  t h e  above expres s ion  
a f t e r  c o r r e c t i n g  f o r  a sma l l  zero d r i f t  i n  t h e  b r i d g e .  The r e s u l t  i s  
p l o t t e d  i n  F i g .  15 ,  showing t h a t  t h e  expres s ion  above i s  f a i r l y  well 
obeyed except  f o r  ve ry  s h o r t  times. Th i s  t r a n s i e n t  e f f e c t  under r e v e r s e  
b i a s  has been r e c e n t l y  r e p o r t e d  i n  GaAs:Au d i o d e s ,  and i n  t h a t  ca se  i t  
has  been a t t r i b u t e d  t o  e i t h e r  t r app ing  p rocesses  i n  t h e  d e p l e t i o n  
r e g i o n  o r  t o  charge accumulation a t  s u r f a c e  s t a t e s  i n  t h e  i n t e r f a c e  
r e g i o n .  (2 )  
r e v e r s e  i t s e l f  f o r  v o l t a g e s  g r e a t e r  t han  3.5 v o l t s  r e v e r s e ,  i . e . ,  t h e  
c a p a c i t a n c e  t h e n  decreased  w i t h  t ime.  A s y s t e m a t i c  i n v e s t i g a t i o n  of 
t h e s e  t r a n s i e n t  e f f e c t s ,  involv ing  t h e i r  dependence on t empera tu re ,  may 
y i e l d  s i g n i f i c a n t  i n fo rma t ion  about t h e  e l e c t r o n i c  p rocesses  i n  t h e  
i s  t h e  v a l u e  a t t a i n e d  a f t e r  2 
I n  t h e  p r e s e n t  example, t h i s  t r a n s i e n t  e f f e c t  was found t o  
j u n c t i o n  r eg ion .  
The r e s u l t s  of some prs l imina ry  d i f f r a c t i o n  s t u d i e s  may a l s o  
be  r e p o r t e d  a t  t h i s  t ime. Fig.  16 i s  a Debye-Scherrer X-ray f i l m  of 
a p o r t i o n  of  a Cu S (nominal ly)  l a y e r  which f l a k e d  o f f  a CdS c r y s t a l  
s u b s t r a t e  a f t e r  a d ipp ing  t ime of 5 minutes  i n  t h e  CuCe s o l u r i o n .  The 
t i n y  f l a k e  was n o t  ground up but was mounted whole i n  t h e  camera. A 
v e r y  n o t i c e a b l e  c u r v a t u r e  o f  the f l a k e  i n d i c a t e d  t h e  presence  of i n t e r n a l  
s t r e s s e s .  Th i s  i s  r e f l e c t e d  i n  t h e  X-lay p a t t e r n  by t h e  p re sence  of t h e  
b road ,  r a d i a l  s t r e a k s  and a l s o  by t h e  f a c t  t h a t  t h e  d-spac ings  a r e  
s h i f t e d  from those  of  i d e a l  Cu S .  A number of  l i n e s  a r e  a l s o  p r e s e n t  i n  
t h e  p a t t e r n  which do n o t  correspond t o  Cu S even wi th  d i s t o r t e d  c e l l  
2 
2 
2 
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parameters. The polycrystalline nature of this dipped layer is clear. 
Shiozawa et a1 reported epitaxial growth of the Cu S on CdS, with the 
c-axis of the Cu S parallel to the c-axis of the CdS. Singer and 
Faeth(3) also recently reported the formation of a single crystal of 
Cu S on CdS with an epitaxial relationship after extremely long tire 
(18 hours) in the CuCe solution. The X-ray pattern of Fig. 16 indicates 
preferred orientation of the Cu S crystallites by the arcing of the rings, 
but other orientations of the c-axis relative to the c-axis of the CdS 
must be involved to produce such a large number of rings. 
2 
2 
2 
2 
Fig. 17 presents a single-crystal reflection electron diffraction 
pattern from a dipped CdS cell. The pattern was indexed consistently as 
Cu S in the (213) orientation, using the published lattice constants. 
this case, the CdS substrate was in the (0001) orientation, which shows 
that the epitaxial relationship of Shiozawa et al, is not always obtained. 
This diffraction pattern was obtained from only one small porrion of the 
dipped surface; in most places on the surface a pattern of spotty rings 
was found, indicating a very small crystallite size. 
In 2 
Fig. 18 demonstrates that the dipping process may result in 
the formation of more than one crystalline phase. The analysis of this 
ring pattern, which was obtained from the dipped face of a CdSe crystal, 
is presented in the following table, where the numbers at the head of 
the columns indicate the card number for that particular substance 
in the ASTM Powder Data File. 
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Ring f 
~~ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
(6- 0680) (4-0839) (12-115) (8-279) 
2 3 2  
Cu Se a-Cu Se CuSe 2 Cu Se 2- x 
3.33 
d,A 
3.33 
3.07 
2.38 
1.90 
1.68 
1.26 
1 . 1 2  1.13 
0.968 0.969 
0.929 
3.083 3.11 
2.38 
1.904 1.908 
1.696 
1 e 256 
0.969 
0.929 
GENERAL SUMMARY OF RESULTS AND OBSERVATIONS 
(1) A total of 41 photovoltaic cells were prepared during this period. 
Of these, 18 were of conducting CdS, 15  were of intermediate 
resistivity CdS, 5 were of conducting CdSe, and 3 were of ZnS 
annealed in excess zinc, 
(2 )  CdSe cells in general give much lower output photovoltage and 
higher junction capacitance than the CdS cells. 
(3 )  The ZnS cells generally have very low output and very slow response. 
( 4 )  Cells made with the intermediate resistivity CdS have open-circuit 
photovoltages comparable to those of conducting CdS, but their 
output current (and power) is much lower. 
(5) Distortion of the reverse V-I characteristics of intermediate 
resistivity CdS cells under illumination is thought to be associated 
with photoconductivity in the CdS. 
( 6 )  Certain intermediate CdS cells show an increase in frontwall open- 
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circuit photovoltage when light of wavelength less than 7000 A is 
blocked out. 
CdS cells made by dipping in a solution of Cu S + NH40H have spectral 
response curves which fall off rapidly for wavelengths greater than 
5000 A ,  whereas those dipped in the CuCe solution generally exhibit 
a plateau which extends out to about 9000 8. 
(7) 2 
(8) Cell parameters tend to improve with heat treatment up to some 
maximum, and then decrease with increasing time of heating. 
CdS single crystals cleave readily on (1120); the cleaved surfaces 
react more slowly with the CuCe solution than do etched or ground 
surfaces. 
(9) 
(10) Measurements of the junction capacitance of CdS cells show significant 
differences from the usual voltage dependence of the capacitance 
of p-n junctions. There appears to be a relationship between the 
shape of the C-V p l o t  and the I - V  characteristic. 
(11) Transient effects accompany capacitance measurements on CdS cells 
when (a) a reverse bias is suddenly applied, or (b)  the illumina- 
tion is suddenly changed. 
(12)  Electron diffraction evidence indicates that polycrystalline,and 
sometimes polyphase, layers are formed by the CuCe dipping process. 
Longer dipping times than those used in the experiments thus far 
may be required to promote the epitaxial relation with the substrate 
recently reported in the literature. 
( 1 3 )  For all the intermediate resistivity CdS cells tested, the effect 
of 9000 b bias light, if any, is to decrease the photovoltage at 
wavelengths shorter than the band edge of CdS, sometimes to zero. 
-15- 
(14)  For the conducting CdS cells, the effect of the 9000 A bias light 
is to increase the photovoltage for X < 7000 A ,  and decrease it 
slightly for longer wavelengths. (This statement is made with 
reference to cells processed in air). 
(15) The most effective wavelength of bias illumination appears to be 
9000 A .  
length of 5000 i. 
No effect has yet been observed for a bias light wave- 
FUTURE EXPERIMENTS 
The experiments performed during the report period just completed 
have shown the general type of results to be expected from single- 
crystal 11-VI photovoltaic cells produced by the dipping method., During 
the next period, a limited number of much more carefully designed 
experiments will be initiated. 
The first step will be to grow some large single crystals of CdS, 
both undoped and doped, by the moving-temperature-gradient method, and 
to characterize these crystals by the measurement of their electronic 
and structural properties, The next step will be to process these 
crystals to form photovoltaic cells in a systematic and carefully 
controlled manner. Facilities for performing chemical dipping and heat 
treating in inert atmosphere are being set up. 
In addition to the "standard" photocell measurements described in 
this report, some specialized experiments involving a light microprobe 
are being planned in order to help answer the fundamental question regard- 
ing the location of the light absorption. It is also planned to explore 
the effect of temperature on photocell performance. 
Experiments involving chemically sprayed Cu S layers on CdS and 2 
- 16- 
. 
CdSe c r y s t a l s ,  and Cu Se  l aye r s  on CdS and CdSe c r y s t a l s ,  a r e  a l s o  
a n t i c i p a t e d .  
2 
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FIGURE CAPTIONS 
Fig. 1 
Fig. 2 
Fig. 3 
Fig. 4 
Fig. 5 
Fig. 6 
Fig. 7 
Fig. 8 
Fig. 9 
Fig. 10 
Fig. 11 
Fig. 12 
Fig. 13 
Fig. 14 
Experimental arrangement for measurement of spectral response 
of photovoltaic cells. 
Circuit used for power measurements on photovoltaic cells, 
Per cent transmission as a function of wavelength for single 
crystal CdS substrate, and substrate with dipped Cu S layer, 
Power as a function of time at 250°C in air for CdS photocell 
with cleaved face dipped in CuCe solution. 
V - I  characteristic of CdS cell of Fig. 4 ,  after 17 minutes 
heat treatment at 250°C. 
Frontwall spectral response of same CdS cell, with and without 
9000 i bias light. 
Frontwall spectral response of another CdS cell, showing larger 
effect of 9000 1 bias light. 
V-I characteristic of intermediate resistivity CdS cell. (a) 
in dark (b) with white illumination, backwall ~ 
Frontwall spectral response of intermediate resistivity CdS 
cell showing large negative effect of 9000 A bias light. 
Forward V-I characteristic of CdS cell formed by dipping in 
solution of Cu S in NH OH, 
Frontwall and backwall spectral response of same cell. 
Capacitance-voltage plot for CdS cell dipped in Cu S solution, 
Decay of zero-bias capacitance with time after shutting o f €  
white light. Same cell as Fig. 10-12. 
Change of capacitance with time after application of  1.0 volt 
reverse bias. Same cell as Fig. 13. 
2 
2 4 
2 
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Fig. 15 Fit of data of Fig. 14 to exponential function. 
Fig, 16 Debye-Scherrer X-ray film of piece of dipped layer from CdS 
crystal. Exposure was 6 hours in CuKa radiation. 
Fig. 17 Reflection electron diffraction pattern of dipped layer on 
CdS crystal. 
orientation. 
Pattern is indexed as Cu S in the [2 i3]  2 
Fig. 18 Reflection electron diffraction pattern of dipped layer on 
CdS crystal, indicating the presence of several copper 
selenide phases. 
- 19- 
a 
E 
2 
0 oz 
I 
0 
0 z 
0 
t 
J 
ab 
m 
I 
I 
a 
I 
0 
co - 
c 
> 
c 
ct 
0 
0 - 
2 
. .  
100 
IO 
I 
I I I I I I 
. I  
4 5 
\Cups FILM ON 
CdS SUBSTRATE 
1.8 eV 
1 . 1  .6 .7 .8 
X, microns 
1.0 
3 
‘ 0  0 I I I I I I 
1 1 1 1  
o a o o  
0 
0 
0 0 
F a 0 00 0 - 0 0 rc) c\J 0 Tt- 
Ln 
0 
I 
0 
cu 
0 
‘ I  
5 
d 
€ 
0 
A 
0 
m 
H 
 IO-^ 
10-8 
10% 
I 1 I 1 1 I 
& NO BIAS 
I I I I I I 
.4 .5 .6 .7 .8 .9 I .o I. I io-" 
X ,  microns 
6 
100 
90 
80 
70 
60 
3 50 
c. 
0 
>O 
40 
30 
20 
( 
10 
I 
I 
1 
- b I 
I 
I 
I 
I 
I 
I 
I 
- 
- I PB 
B 
\ 
\ 
\ 
\ 
+ NO BIAS 
--A=- 9000 BIAS 
h 
'A 
\ 
\ 
h 
\ 
\ 
\ 
\ 
\a 
\ 
\ 
B P \ \ \ \ 
1.0 4 .5 .6 .7 .8 .9 
A ,  microns 
7 
(b) WHITE ILLUMINATION BACKWALL 
8 
90 
80 
70 
60 
50 
40 
30 
2c 
I C  
I I I I I 
-0- NO B I A S  
-&-9OOO BIAS 
ZERO LEVEL 
-i------------- ---  
b 
I 
I 
I 
I 
I 
I 
I 
I 
I 
\ I  
\ I  
\ I  
’ I  
I I  
1 1  
4 l  
hr 
I 
1 I I I 
I 
.4 .5 .6 .7 .8 .9 I .o a 
X , microns 
9 
IO 
I 
.I 
.o I 
.OOl 
,I I 
v ,  volts 
IO 
IO 
> a 
.5 
0 
P 
IO 
.o I 
1 1 I I I 1 
FRONTWALL 
- -&- BACK W A L L  
.OOl 
4 ,5 .6 .7 .8 
A, microns 
~ 
.9 I .o 1 . 1  
. .  
800 
700 
600 
500 
Y- 
=c 400 
=t 
6 
300 
i 
200 
I O 0  
- 
- 
I I I I I I 
-6 -5 -4 -3 -2 -I 0 +I 
v, volts 
I 1 1 1 I I I 
cn 
Q) 
3 
c 
t 
.- 
E 
n 
cr 
I 13 
I 1 1 I I I I I 
w z X I 
I J 
- 
rr 
0 
Lr, 
4 I 
I 
x 0 
I W 
I k 
0 
rr 
rr 
X 0 
k W I 
I 
I 
I k] 
I 
i 
k 
I 
I 
t 
t 
0 
0 
0 
v) 
U 
c 
0 
14 
v = - 1.0 vol t  
3 
I I I 1 I I 
I 00 200 300 400 500 600 
t ,  seconds 
16 
170 
2,22,6 “\.J 
17b 
18 
